Cancer cells contain multiple mutations and chromosomal aberrations,^[@bib1],\ [@bib2]^ which can confer them growth advantage, principally owing to their accumulation.^[@bib3]^ In fact, carcinogenesis is strictly associated with DNA lesion accumulation and genomic instability. Therefore, genome surveillance machinery has great importance in the repair of DNA damage. This damage is caused by a combination of defective genetic material and environmental insults such as ionizing or ultraviolet radiation, chemicals, or reactive oxygen species, which are also produced during normal metabolic processes.

Breast cancer develops from a heterozygous population of diseases of the breast, which are intimately related to DNA damage repair defects or defects in cell-cycle checkpoints. Aberrant expression of DNA damage response genes is common in nearly all breast cancer phenotypes,^[@bib3]^ while only 20--30% of breast cancer cases are thought to be caused by germline mutations in *BRCA1/2* susceptibility genes.^[@bib4],\ [@bib5],\ [@bib6]^

BRCA1/2 proteins take part in different protein complexes acting in DNA damage response, such as homologous recombination (HR), non-homologous end-joining (NHEJ), and nucleotide excision repair (NER), but the significance of such interactions has not yet been completely clarified.^[@bib7],\ [@bib8]^ Principally, BRCA1 has an early role, together with BRCA2 and RAD51, in the promotion and regulation of HR, and is part of BASC (BRCA1-associated genome surveillance complex), which influences the choice of repair pathway depending upon the type of DNA lesion.^[@bib9]^ Thus, cells carrying BRCA1 mutations are deficient in the transcription-coupled repair of oxidative damage.^[@bib10]^ Moreover, BRCA1 could also be involved in other DNA repair pathways, for example, promoting NHEJ in DNA double-strand break repair^[@bib11]^ or NER,^[@bib12]^ or influencing base excision repair (BER).^[@bib13]^

In brief, the BER pathway consists of enzymatic steps involving the following: 8-oxoguanine DNA glycosylase (OGG1) and NTH endonuclease III-like 1 (NTHL1), DNA glycosylases that recognize specific subsets of damaged bases and that prefer substrates such as 8-oxoguanine and thymine-glycol lesions; REF1/APEX1 (redox factor 1/apurinic-apyrimidinic endonuclease 1), a multifunctional enzyme with apurinic-apyrimidinic (AP) endonuclease activity and 3′--5′-exonuclease, 3′-diesterase, and 3′-phosphatase activities; a DNA polymerase and a DNA ligase. Furthermore, XRCC1 (X-ray repair complementing defective repair in Chinese hamster cells 1), a scaffold protein, is able to associate with several other proteins (polynucleotide kinase, DNA polymerase *β*, and DNA ligase III) to form a complex that repairs the single-strand DNA breaks generated during the BER process. Poly-ADP ribose polymerases (PARPs) are a family of enzymes that catalyze polymerization and formation of highly negatively charged poly-ADP ribose chains. A key role for PARP1 and PARP2 is maintaining genomic integrity, in particular repair of single-strand DNA lesions through the BER pathway. Recently, the efficiency of the BER pathway has been studied in relation to mutations or the altered expression of *BRCA1/2* genes. In cell lines carrying mutations in BRCA2 (Capan-1 cell line, human pancreatic adenocarcinoma cell line),^[@bib14]^ a reduced rate of DNA ligation during both single-nucleotide insertion and the PCNA-dependent pathway of BER^[@bib15]^ was found; in MCF-7 and T47D cell lines (human mammary adenocarcinoma cell lines), BRCA1 overexpression caused a twofold increase in the mRNA levels of OGG1, NTHL1, REF1/APEX1, and XRCC1.^[@bib13]^

Taking evidence obtained in previous studies as a starting point, in this study gene expression of BER factors that seemed to be transcriptionally regulated by BRCA1 was measured together with the expression of PARP1, considering that the use of PARP inhibitors is still controversial.

However, as BRCA1 loss of function is correlated not only to mutations but also to epigenetic changes, such as promoter methylation^[@bib16]^ and microRNA regulation, the expression of miR17, a validated regulator of BRCA1,^[@bib17]^ was measured to confirm this association with respect to BER key enzyme expression. miR17 expression has been explored not only because of its role in regulating *BRCA1* but also because computational analysis indicated it as a regulator of APEX1/REF1.

This is the first study that aims to analyze the association between BER gene transcription and BRCA mutational status, to better understand the ongoing preclinical studies regarding synthetic lethality through PARP inhibition and other BER factors, such as APEX1/REF1.

Results
=======

*BER* genes and miR17 expression in cell lines
----------------------------------------------

In this study, APEX1/REF1, NTHL1, OGG1, XRCC1, PARP1, and miR17 expression was preliminarily explored in two BRCA1-mutated cell lines, SUM149PT and SUM1315MO2, and in the BRCA1-proficient triple-negative (estrogen receptor (ER)-, progesterone receptor (PgR)-, human epidermal growth factor receptor 2 (HER2)/Neu-negative) MDA-MB-231 cell lines. APEX1/REF1, OGG1, and XRCC1 were found to be downregulated in all cell lines ([Figure 1](#fig1){ref-type="fig"}). Notably, NTHL1 was upregulated in SUM149PT and MDA-MB-231, classified as basal- and mesenchymal-like, respectively, by Lehmann *et al.*,^[@bib18]^ but not in ER-positive SUM1315MO2, suggesting the existence of other regulatory mechanisms for this enzyme. miR17 was found to be upregulated in mesenchymal-like MDA-MB-231 and in BRCA1-mutated SUM1315O2 cell lines. Interestingly, overexpression of PARP1 was also found in MDA-MB-231 cells ([Figure 1](#fig1){ref-type="fig"}). The median fold change of *BER* genes was compared in BRCA1- and BRCA2-mutated patients. Although no statistical analysis could be performed because of the small dimension of the two subsets, interestingly we observed a greater downregulation of APEX1/REF1, NTHL1, and XRCC1, and an upregulation of PARP1 and miR17 in BRCA1-mutated patients, giving us further confirmation of what was found in the cell lines ([Figure 2](#fig2){ref-type="fig"}).

Upregulation of APEX1/REF1 in BRCAX and sporadic patients
---------------------------------------------------------

In our cohort of patients, the APEX1/REF1 median fold change was significantly higher in sporadic patients than in familial cases (*P*=0.0176) ([Figure 3a](#fig3){ref-type="fig"}). Moreover, considering the mutational status of *BRCA1/2* genes, APEX1/REF1 was overexpressed in BRCAX patients (*P*=0.0057) and in sporadic samples *versus* mutated ones (*P*=0.0108) ([Figures 3b and c](#fig3){ref-type="fig"}). These findings were also confirmed when analyzing frequencies of overexpressing patients, considering the median fold change as the cutoff level. We observed that 68.8% (*P*=0.004) and 76.9% (*P*=0.002) of sporadic and BRCAX patients, respectively, showed upregulation of APEX1/REF1 compared with mutated cases ([Figures 3d and f](#fig3){ref-type="fig"}).

PARP1 and miR17 expression
--------------------------

In our cohort, we found PARP1 fold change in the opposite direction in BRCA1-and BRCA2-mutated patients ([Figure 2](#fig2){ref-type="fig"}). Notably, we found a significant upregulation of PARP1 in mutated patients *versus* BRCAX (*P*=0.0015) and in sporadic patients *versus* BRCAX (*P*=0.0190) ([Figures 4a and b](#fig4){ref-type="fig"}). Interestingly, the same behavior was observed in miR17 expression also in terms of the frequencies of overexpressing patients (data not shown).

miR17 computational analysis: APEX1/REF1 predicted target
---------------------------------------------------------

To identify miR17 targets, a computational analysis was performed with the miRWalk database. As expected, miR17 was validated to bind BRCA1-3′-UTR (*P*=0.0053). Interestingly, APEX1/REF1 was identified as a predicted target of miR17 with a good level of significance (*P*=0.0172) ([Table 1](#tbl1){ref-type="table"}). When analyzing the miRNA in our panel of cell lines, overexpression of miR17 together with a downregulation of APEX1/REF1 was found in MDA-MB-231 and SUM1315MO2 cell lines. However, in the BRCA1-mutated SUM149PT, miR17 resulted slightly downregulated in the presence of heavy APEX1/REF1 downregulation, suggesting that in these cells a different genetic or epigenetic regulation can occur ([Figure 1](#fig1){ref-type="fig"}).

In our cohort, an inverse correlation between APEX1/REF1 and miR17 was found both in BRCAX and sporadic patients, even if this result was not statistically significant (data not shown).

Functional analysis to test miR17 regulation of APEX1/REF1
----------------------------------------------------------

To test whether miR-17 directly target the 3′-UTR of APEX1, HEK293 cells were co-transfected with APEX1 reporter construct along with a synthetic mimic of miR-17. As shown in [Figure 5](#fig5){ref-type="fig"}, the overexpression of miR-17 did not have any significant effect on the luciferase activity of the vector containing the 3′-UTR of APEX1 when compared with the control. Consistently, deletion of the binding site and the use of specific miR-17 inhibitor did not have any consequence on the APEX1 level ([Figure 5](#fig5){ref-type="fig"}).

XRCC1, NTHL1, and OGG1 transcript abundances
--------------------------------------------

We observed a significant upregulation of glycosylases, OGG1 and NTHL1 (*P*=0.0097 and 0.0165, respectively), in wild-type patients *versus* mutated cases. These data were confirmed in terms of the percentage of overexpressing patients: 92.3% of BRCAX cases overexpressed both genes (*P*=0.0001) (data not shown).

Furthermore, the XRCC1 median fold change was significantly higher in BRCAX tissues *versus* mutated patients (*P*=0.0308) and 76.9% of BRCAX cases overexpressed XRCC1 when compared with mutated ones (*P*=0.035) ([Figure 6](#fig6){ref-type="fig"}).

Discussion
==========

In this study, we focused on BER key enzyme transcriptional levels to understand if their expression could be influenced by BRCA mutational status or if they behave differently in familial or sporadic breast cancer cases. Saha *et al.*^[@bib13]^ reported that BRCA1 was able to stimulate transcriptionally several early steps in the BER pathway, in particular those in which APEX1/REF1, OGG1, NTHL1, and XRCC1 are involved. Clarification on this pathway is important because of its involvement in synthetic lethality. In fact, it has been shown that HR-deficient tumors, including those with defects in *BRCA1/2* genes, are very sensitive to a blockade of the BER pathway via inhibition of the PARP enzyme.^[@bib18]^ Thus, a better understanding of the BER pathway has implications in the potentiation of the therapeutic effects of DNA-damaging agents.

Preliminarily, we measured APEX1/REF1, OGG1, NTHL1, and PARP1 transcript levels in two BRCA1-mutated cell lines (SUM149PT and SUM1315MO2) and in the BRCA1-proficient triple-negative MDA-MB-231 cell line (ER-, PgR-, HER2/Neu-negative). The downregulation of APEX1/REF1, OGG1, and XRCC1 confirmed the results of Saha *et al.*^[@bib13]^ In particular, the overexpression of PARP1 and miR17, which is a validated regulator of *BRCA1*, in the mesenchymal-like MDA-MB-231 cell line, together with results reported on the sensitivity of MDA-MB-231 to the PARP inhibitor ABT-888 (veliparib),^[@bib19]^ prompted us to enroll a cohort of sporadic breast cancers independently of immunophenotype (basal, mesenchymal- or luminal-like) and hormone receptor, and HER2 status. A series of familial breast cancers, BRCA1/2-related and BRCAX tumors, was also analyzed to confirm the expression data measured in the cell line model ([Figure 1](#fig1){ref-type="fig"}).

Interesting results were found regarding the expression of APEX1/REF1. In particular, the median fold change was significantly higher in BRCAX and sporadic cases with respect to mutated ones, and a significant percentage of them (76.9% and 68.8%, respectively) overexpressed APEX1/REF1 ([Figure 3](#fig3){ref-type="fig"}). Altered expression of APEX1/REF1 was previously observed in gliomas,^[@bib20]^ rhabdomyosarcomas,^[@bib21]^ and non-small-cell lung cancer,^[@bib22]^ and its overexpression was correlated with poor outcome,^[@bib23]^ poor complete response rate to radiotherapy,^[@bib24]^ poorer survival,^[@bib25]^ and higher angiogenesis.^[@bib26]^ The active site for AP endonuclease, 3′--5′-endonuclease, 3′-phosphatase, and 3′-phopshodiesterase activities is located at the C-terminal domain of the protein, making the identification of small-molecule inhibitors for this protein easier. Luo *et al.*^[@bib27]^ inhibited APEX1/REF1 endonuclease activity through lucanthone in a breast cancer MDA-MB-231 cell line, increasing the cytotoxicity of temozolomide (TMZ), while in other studies overexpression of APEX1/REF1 in glioma cell lines was correlated with high resistance to radiotherapy.^[@bib23],\ [@bib24]^ The DNA lesions caused by TMZ, which are mostly the methyl adducts N7-methylguanine and N3-methyladenosine, become highly cytotoxic when BER is impaired.^[@bib28]^ Considering the present data and the unique role of APEX1/REF1 in repairing AP sites,^[@bib29],\ [@bib30]^ this gene could be considered a useful therapeutic target (e.g., through lucanthone or methoxyamine) in the absence of BRCA mutations (BRCAX cases) and in sporadic patients to enhance the therapeutic benefit of DNA-damaging agents, such as TMZ or radiotherapy. Computational analysis indicated APEX1/REF1 as a predicted target of miR17. The present data showed a significant overexpression of miR17 in the BRCA-related subset, which had lower expression of APEX1/REF1. For this reason, a luciferase assay was performed to confirm bioinformatic prediction and eventually to target APE1/REF1 with miRNA mimic strategy. However, our experimental data showed that miR-17 does not regulate APEX1 expression, at least by the direct binding to the 3′-UTR region of APEX1 ([Figure 5](#fig5){ref-type="fig"}).

As expected, PARP1 was found to be upregulated in mutated cases, but interestingly it was more overexpressed in BRCA1-related patients than in BRCA2-related ones ([Figure 2](#fig2){ref-type="fig"}). *OGG1* gene is more downregulated than APE1/REF1 and, more interestingly, its expression level is lower in BRCA1- than in BRCA2-related breast cancers ([Figure 2](#fig2){ref-type="fig"}). Alli *et al.*^[@bib31]^ reported that knockdown of OGG1 confers sensitivity to PARP inhibitors, indicating this gene as possible prognostic factor and therapeutic target. These data have to be further investigated to understand if patients have to be stratified, taking into account in which gene (*BRCA1* or *BRCA2*) they carry a deleterious mutation, which would then allow us to assess the reason for the different responsiveness of BRCA1 and BRCA2 mutation carriers to PARP inhibitors.^[@bib32]^ Many clinical trials are ongoing to evaluate PARP inhibitor effectiveness in breast cancer cases, which display the so-called 'BRCAness\' phenotype -- breast cancers that are not BRCA-related but that display the same phenotype, such as HR deficiency. However, patients recruited into the trials are generally triple-negative breast cancer (TNBC) for hormone receptors (ER, PgR) and HER2, and, to date, results have not been encouraging.^[@bib33]^ Goncalves *et al.*^[@bib34]^ showed PARP1 mRNA overexpression not only in TNBCs but also in other types of breast tumor, mainly basal-like, and also in luminal types. In our cohort, BRCA1/2-related TNBCs overexpressed PARP1. It is important to underline, however, that the sporadic patients analyzed in our study were not TNBCs, except for one case that did not overexpress PARP1. BRCA1 dysfunction has been reported in basal-like sporadic cancers, suggesting sensitiveness to PARP1 inhibition.^[@bib35]^ PARP1 inhibition effectiveness in other subtypes of breast cancer is ongoing, but a better stratification of patients is mandatory. Notably, miR17 expression data showed similar results to PARP1, also in terms of the frequency of overexpressing patients, and in particular as regards wild-type *versus* BRCA-related subjects. The significant overexpression of miR17 in sporadic patients seems to suggest the downregulation of BRCA1, mimicking a 'BRCAness\' phenotype. Furthermore, no statistically significant difference in PARP1 and miR17 was observed between the sporadic and mutated cases, suggesting a need to validate miR17 and PARP1 as molecular biomarkers of BRCAness phenotype in a larger cohort. Upregulation of PARP1 and miR17 in sporadic *versus* BRCAX patients was also observed. Such a preliminary observation seemed to give further confirmation that their overexpression, similar to what was observed in BRCA-mutated cases, could mimic BRCAness phenotype ([Figure 4b](#fig4){ref-type="fig"}).

XRCC1 is a scaffold protein involved in the coordination of DNA repair by interacting with several components of the BER and single-strand break repair pathways, such as DNA glycosylases, APEX1/REF1, PARP1, PNK, and ligIII.^[@bib36]^ In all cell lines of our model, XRCC1 was found to be downregulated and, in the present cohort of patients, BRCAX cases overexpressed, as compared with BRCA-related patients. Furthermore, 92.3% of BRCAX displayed OGG1 and NTHL1 overexpression. This suggests an activation of the BER pathway as it is well known that XRCC1 stimulates the activity of glycosylases.^[@bib37]^ XRCC1 transcript level was negatively correlated with cisplatin cytotoxicity in non-small-cell lung cancer cell lines,^[@bib38]^ and downregulation of XRCC1 through shRNA strategy in HepG2 cells inhibited double-strand break repair, enhancing cisplatin cytotoxicity. Thus, XRCC1 could eventually be considered as a molecular target to enhance the effects of DNA-damaging agents in BRCAX patients ([Figure 6](#fig6){ref-type="fig"}).

In invasive breast cancer, loss of XRCC1 has recently been indicated as an independent predictor of poor clinical outcome.^[@bib39]^ XRCC1 is also a key component of the NHEJ pathway^[@bib40],\ [@bib41]^ and the complex interaction existing between NHEJ and HR is emerging.^[@bib42]^ Sultana *et al.*^[@bib39]^ evaluated sensitivity to inhibitors of ATM (a sensor of DNA damage involved in HR) and DNA-PKcs (a component of NHEJ) in XRCC1-deficient cell lines. Peasland *et al.*^[@bib43]^ showed cytotoxicity of an ATR inhibitor in cells lacking XRCC1. These preclinical studies seemed to indicate that XRCC1-deficient cells could be targeted by blocking double-strand break repair pathways. [Figure 2](#fig2){ref-type="fig"} reported the downregulation of XRCC1 and the unchanged expression of PARP1 in BRCA2-related patients. These data evidenced a basal activity of BER in contrast to what was observed in BRCA1-mutated cases. Furthermore, taking into account these findings and the previously described preclinical studies, it could be possible to treat differently BRCA1- and BRCA2-mutated patients targeting PARP1 and NHEJ pathway, respectively.

In conclusion, differential expression of BER key enzymes could be useful to better stratify breast cancer to improve target therapies targeting BER components other than PARP1. In particular, the results suggested considering APEX1/REF1 as a molecular target in BRCAX and sporadic cases to enhance the cytotoxicity of DNA-damaging agents or radiotherapy. Research groups are working to identify the small molecule that is able to target the DNA repair activity of APEX1/REF1, which could enter into clinical trials. Given that the role of XRCC1 in the NHEJ pathway and our results showed no change in PARP1 expression and downregulation of XRCC1 in BRCA2-related patients, targeting NHEJ could be considered an alternative synthetic lethal approach. Moreover, in BRCAX patients, XRCC1 could be evaluated as a molecular target. The overexpression of PARP1 and miR17 in mesenchymal-like cell lines and triple-positive sporadic cancers would suggest validating them as molecular biomarkers to identify patients with the BRCAness phenotype. Preclinical studies on sensitivity to PARP inhibitors and radiotherapy are underway to confirm what the expression data has suggested.

Materials and Methods
=====================

Cell lines and culture
----------------------

BRCA1-proficient, triple-negative human breast carcinoma MDA-MB231 cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS) and 2 m[M L]{.smallcaps}-glutamine at 37 °C in 5% CO~2~. SUM149PT cells were isolated from a patient with triple-negative inflammatory breast cancer who carried the truncating mutation 2288delT in BRCA1 and whose disease progressed after chemotherapy treatment. SUM149PT were grown in F-12 HAM\'s nutrient mixture (EuroClone SpA, Pero, Milano, Italy) supplemented with 5% FBS, 5 *μ*g/ml insulin (Sigma-Aldrich, St. Louis, MO, USA), and 1 *μ*g/ml hydrocortisone (Sigma-Aldrich) at 37 °C in 5% CO~2~. SUM1315MO2 is an ER-positive cell line, isolated from a highly invasive breast tumor that was transplanted in immune-deficient mice for two generations. These cells carry the BRCA1 185delAG pathogenetic mutation. SUM1315MO2 were grown in F-12 HAM\'s nutrient mixture (EuroClone SpA) supplemented with 5% FBS, 5 *μ*g/ml insulin (Sigma-Aldrich), and 10 ng/ml epidermal growth factor (Sigma-Aldrich) at 37 °C in 5% CO~2~.

Patients
--------

Forty-three patients were enrolled -- 27 with familial breast cancer (10 BRCA1-mutated, 4 BRCA2-mutated, and 13 wild type for both genes and defined as BRCAX patients) and 16 with sporadic breast cancer -- through the Genetic Counseling Program at NCRC 'Giovanni Paolo II\' in Bari, Italy. Familial patients were considered as those with clinical criteria of familiarity, as defined previously,^[@bib42]^ and those with a high risk of carrying the BRCA1/2 mutation as evaluated by the BRCAPRO software (BayesMendel Software, Dana-Farber Cancer Institute, Boston, MA, USA). All patients signed informed consent.

All familial patients were analyzed for the mutational status of *BRCA1/2* genes as reported previously.^[@bib20]^ Tumor staging was performed according to the UICC TNM classification. The clinicopathological characteristics of the patients are reported in [Table 2](#tbl2){ref-type="table"}. Tissue samples, collected during surgical resection, were stored at −80 °C in the Institutional Tissue Bank of NCRC 'Giovanni Paolo II\' in Bari, Italy.

RNA extraction and cDNA synthesis
---------------------------------

RNA was extracted from cell lines and both malignant and healthy fresh-frozen tissue samples with the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) as indicated by the manufacturer and quantified through NanoDrop8000 (Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA extracted from healthy tissues were mixed in an equimolar manner to obtain pools of RNA from BRCA1-mutated, BRCA2-mutated, BRCAX, and sporadic cases, which was useful to normalize data. Five hundred nanograms of RNA were retrotranscribed through the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) as indicated by the manufacturer.

Real-time PCR
-------------

Analysis of expression was performed using a fluorescence-based, real-time detection method (TaqMan probes; Applied Biosystems) on the ABI PRISM 7000 Sequence Detection System (Applied Biosystems). Probes were directed to REF1/APEX1 (Hs00172396_m1), XRCC1 (Hs00959834_m1), NTHL1 (Hs00959764_m1), OGG1 (Hs00213454_m1), and PARP1 (Hs00242302_m1). The selected assays were designed across an exon--exon junction to produce a short amplicon that gives a more efficient PCR reaction. A 20 *μ*l PCR reaction including 2.5 *μ*l of RT product, 1 × TaqMan Universal PCR Master Mix, and 1 × of the corresponding TaqMan Gene Expression Assay was incubated in 96-well plates at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. PCR reactions were performed in triplicate including no-template controls. Relative quantities of each cDNA were calculated using the ΔΔCt method after normalization with endogenous reference 18s rRNA (Hs03928985_g1) and calibrating Ct values with respect to the Ct of healthy tissues.

miRNA study
-----------

The levels of hsa-miR-17 were measured using the TaqMan microRNA Assay (Applied Biosystems, Foster City, CA, USA) on the Applied Biosystems real-time PCR instrument 7000 in accordance with the manufacturer\'s instructions. RNU 48 was used to normalize miRNA levels. A 20 *μ*l PCR reaction including 3 *μ*l of RT product, 1 × TaqMan Universal PCR Master Mix, and 1 × of the corresponding miRNA assay primers was incubated in 96-well plates at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. PCR reactions were performed in triplicate including no-template controls. Relative quantities of each miRNA were calculated using the ΔΔCt method after normalization with endogenous reference RNU 48.

Dual-luciferase reporter assay and constructs
---------------------------------------------

The luciferase-UTR reporter plasmid was constructed by introducing the APEX1 3′-UTR (NM_001641) into pmiR-REPORT miRNA Expression Reporter Vector System (Life Technologies, Foster City, CA, USA). The APEX1 3′-UTR sequence was amplified by PCR from HEK293-T cDNA. Mutagenesis was used to delete miR-17 binding site using the QuickChange II Kit (Stratagene, La Jolla, CA, USA). All constructs were verified by sequencing. The reporter constructs, pSV-Renilla (pRL-SV40; Promega, Fitchburg, WI, USA) and miR-17 mimic (Dharmacon, Lafayette, CO, USA; Sigma-Aldrich), were transfected into HEK293 cells using Lipofectamine 2000 (Life Technologies). After 48 h, the cells were lysed in passive lysis buffer and assayed for both firefly and *Renilla* luciferase activity using the Dual-GLO Luciferase Assay System (Promega). Firefly luciferase activity was normalized to *Renilla* luciferase activity for each transfected well. Values are the mean±s.e.m. of three experimental replicates from two to four independent transfections. Significance was determined by a two-tailed unpaired *t*-test for means.

Computational and statistical analysis
--------------------------------------

Predicted targets of miR17 were analyzed through the miRWalk database (<http://www.ma.uni-heidelberg.de/appsz/zmf/mirwalk/>). miRWalk consists of two modules: the predicted target module, which presents results from eight established miRNA prediction programs (i.e., RNA22, miRanda, miRDB, TargetScan, PITA, and Diana-microT), and the validated targets module, which hosts new and unique features on experimentally validated miRNA interaction information. Relative amounts of transcripts were calculated with the ΔΔCt method after normalization with endogenous control. Median values were used as cutoff for all enzyme transcripts and for hsa-miR-17 to discriminate between low- and overexpressing patients. The Mann--Whitney *U*-test was performed to compare relative expression. The statistical association between mutation frequency and the other parameters was assessed using a *χ*^2^ test and the two-tailed Fisher\'s test. Because of the small dimension of BRCA1- and BRCA2-related breast cancer samples, we considered them together in the statistical analysis.

Differences were considered to be significant when the *P*-value was \<0.05. Statistical analyses were carried out with the SPSS statistical software v. 17 (SPSS Inc., Chicago, IL, USA).
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![Relative expression±S.D. (evaluated as log~2~ median fold change) of *BER* genes and miR17 in BRCA1-proficient triple-negative MDA-MB-231- and BRCA1-mutated cell lines, SUM149PT and SUM1315MO2 (triple-negative and ER-positive, respectively). All experiments were replicated three times](cddis201430f1){#fig1}

![Relative expression±S.D. (evaluated as log~2~ median fold change) of *BER* genes and miR17 in 10 BRCA1- and 4 BRCA2-related breast cancer samples. Data were normalized as described in Materials and Methods. Briefly, equimolar pools of healthy tissues of BRCA1- and BRCA2-related breast cancer were used to calibrate gene expression after normalization with endogenous control. All experiments were replicated three times](cddis201430f2){#fig2}

![Relative expression (evaluated as log~2~ median fold change) calculated through Mann--Whitney *U*-test and percentage of overexpression (considering median of e^−ΔΔCt^ values as cutoff level) of APEX1/REF1 in (**a**--**d**) sporadic *versus* familial; (**b**--**e**) BRCAX *versus* mutated; (**c**--**f**) mutated *versus* sporadic patients. The level of significance has been reported for each comparison. Data were considered significant when *P*\<0.05. All experiments were replicated three times. BC, breast cancer](cddis201430f3){#fig3}

![Relative expression (evaluated as log~2~ median fold change) calculated through Mann--Whitney *U*-test and percentage of overexpression (considering median of e^−ΔΔCt^ values as cutoff level) of PARP1 in (**a**--**c**) BRCAX *versus* mutated; (**b**--**d**) BRCAX *versus* sporadic patients. The level of significance has been reported for each comparison. Data were considered significant when *P*\<0.05. All experiments were replicated three times](cddis201430f4){#fig4}

![HEK293 cells were co-transfected with reporter constructs carrying the 3′-UTR of APEX1 or 3′-UTR of APEX1 containing mutated miR-17 complementary site or a synthetic mimic of miR-17 or a miR-17 inhibitor. Luciferase activities were measured and normalized to the level of control *Renilla* luciferase](cddis201430f5){#fig5}

![Relative expression (evaluated as log~2~ median fold change) calculated through Mann--Whitney *U*-test and percentage of overexpression (considering median of e^−ΔΔCt^ values as cutoff level) of XRCC1 in BRCAX *versus* mutated patients. The level of significance has been reported for each comparison. Data were considered significant when *P*\<0.05. All experiments were replicated three times](cddis201430f6){#fig6}

###### Computational analysis results performed with miRwalk

           **Gene name**   **RefSeqID**   **MicroRNA**   **Start**   **Sequence**   **End**   **Region**   **P-value**
  ------- --------------- -------------- -------------- ----------- -------------- --------- ------------ -------------
  \(A\)       *BRCA1*       NM_007295      hsa-miR-17      6604       CAAAGUGCU      6596       3′-UTR       0.0053
                                                                                                                 
  \(B\)       *APEX1*       NM_001641      hsa-miR-17      1310        CAAAGUG       1304       3′-UTR       0.0172

\(A\) BRCA1 has been validated as has-miR-17 target and (B) new target for has-miR-17 has been evidenced

###### Clinicopathological features of familial and sporadic breast cancer (BC) cohorts

                                **Familial BCs**   **Sporadic BCs,** ***n*****=16**                
  ---------------------------- ------------------ ---------------------------------- ------------- -------------
  Median age (years) (range)      45 (35--59)                48 (33--68)              46 (33--48)   56 (40--76)
                                                                                                          
  *Histopathology*                                                                                 
   IDC                                 14                         13                      27            13
   ILC                                                                                                   2
   *In situ*                                                                                             1
                                                                                                          
  *T*                                                                                              
   T1--2                               14                         12                      26            11
   T3--4                                                          1                        1             5
                                                                                                          
  *N*                                                                                              
   N0                                  6                          6                       12             4
   N+                                  8                          7                       15            12
                                                                                                          
  *G*                                                                                              
   G1                                                                                                    3
   G2                                  5                          5                       10             6
   G3                                  9                          8                       17             7
                                                                                                          
  ER+                                  7                          5                       12            15
  PgR+                                 7                          6                       13            10
  HER2+                                5                          3                        8             2
  Mib-1\>10                            6                          11                      17            12
